The Krüppel-like family of transcription factors (KLFs) have been widely studied in proliferating cells, though very little is known about their role in post-mitotic cells, such as neurons. We have recently found that the KLFs play a role in regulating intrinsic axon growth ability in retinal ganglion cells (RGCs), a type of central nervous system (CNS) neuron. Previous KLF studies in other cell types suggest that there may be cell-type specific KLF expression patterns, and that their relative expression allows them to compete for binding sites, or to act redundantly to compensate for another's function. With at least 15 of 17 KLF family members expressed in neurons, it will be important for us to determine how this complex family functions to regulate the intricate gene programs of axon growth and regeneration. By further characterizing the mechanisms of the KLF family in the nervous system, we may better understand how they regulate neurite growth and axon regeneration.
Introduction
Why do neurons in the central nervous system (CNS) fail to regenerate their axons after injury? This has remained a fundamental question in neuroscience, with obvious implications for human disease (Moore and Goldberg, 2010) . In the CNS, embryonic or neonatal neurons can regenerate their axons after injury, whereas postnatal or adult neurons cannot (Bregman and Goldberger, 1982; Kunkel-Bagden et al., 1992) . This has been partially attributed to the development of an inhibitory CNS environment. Both mature astrocytes and mature oligodendrocytes contribute to an inhibitory environment for axon regeneration in the injured adult mammalian CNS. Between the first and second postnatal week of development in most CNS tissues, oligodendrocytes begin to form myelin sheaths around axons to allow for increased conduction of electrical impulses (Foran and Peterson, 1992; Waxman, 1980) . After injury, damaged axons are exposed to the myelin-associated lipids and proteins that are inhibitory to axon growth and regeneration (reviewed in Yiu and He, 2006) . Astrocytes respond to injury by secreting chondroitin sulfate proteoglycans (CSPGs) which are also inhibitory to growth (Becker and Becker, 2002; Jones et al., 2003 Jones et al., , 2002 McKeon et al., 1999; Snow et al., 1990; Tang et al., 2003) . Many strategies have been attempted to overcome glial-associated inhibitory cues and thus increase CNS regeneration. For example, many inhibitory proteins such as the myelin-derived axon growth inhibitor "Nogo", myelin associated glycoprotein "MAG", and oligodendrocyte myelin glycoprotein (OMgp) have been knocked out at the genetic level (Bartsch et al., 1995; Kim et al., 2003; Simonen et al., 2003; Su et al., 2008; Zheng et al., 2003) , neutralized through antibody treatments (Bregman et al., 1995; Caroni and Schwab, 1988; Tang et al., 2001) , or enzymatically digested (reviewed in Crespo et al., 2007) . These studies have resulted in modest regeneration, leading to alternative strategies targeting the downstream signaling of these inhibitory pathways (reviewed in Schmandke and Strittmatter, 2007) . The incomplete regeneration in all of these studies suggests that there may be additional inhibitory proteins that have yet to be discovered still acting to inhibit growth, and that there may be intrinsic changes within the neurons themselves that limit their regenerative ability.
An involvement of KLFs in the intrinsic control of axon regenerative ability
It has long been known that there is a developmental decrease in the ability of CNS axons to grow in vitro or regenerate in vivo (Blackmore and Letourneau, 2006; Chen et al., 1995; Dusart et al., 1997; Li et al., 1995; MacLaren and Taylor, 1995; Saunders et al., 1992 Saunders et al., , 1995 Treherne et al., 1992) . For example, in spinal cord injury experiments in whole CNS preparations from neonatal opossums and embryonic rat, the injured neonatal CNS can regenerate, and this ability is lost postnatally (MacLaren and Taylor, 1995; Saunders et al., 1992 Saunders et al., , 1995 Treherne et al., 1992) . In purified in vitro cultures, where RGCs are removed from all other contaminating cell types, embryonic RGCs grow their axons ten-fold faster than postnatal RGCs, with this growth ability lost specifically around the time of birth (Goldberg et al., 2002b) . These data suggest that CNS neurons lose their intrinsic capacity for rapid axon growth during development, and that this may play a role in the regenerative failure of CNS axons after injury.
What is the molecular basis for this loss? Prior work has pointed to possible roles for cyclic adenosine 3′,5′-monophosphate (cAMP; Cai et al., 2001) , cAMP response element-binding protein (CREB; Gao et al., 2004) , B-cell lymphoma/leukemia (Bcl-2; Chen et al., 1997; Cho et al., 2005) , anaphase promoting complex (APC) signaling pathways (Konishi et al., 2004; Lasorella et al., 2006) and phosphatase and tensin homology (PTEN; Park et al., 2008) in this loss (Box 1). To identify new candidate genes that could contribute, we analyzed microarray-derived transcriptomes from different ages of RGCs to reveal developmentally regulated genes (Wang et al., 2007) . These genes were screened in primary neurons for their effect on neurite outgrowth.
Overexpression of the transcription factor Krüppel-like factor 4 (KLF4) resulted in a significant decrease in neurite outgrowth in hippocampal and cortical neurons, and RGCs (Moore et al., 2009) . KLF4 knockout during early development resulted in increased neurite growth from RGCs in vitro, and increased axon regeneration in vivo after optic nerve injury which was unrelated to RGC differentiation (Moore et al., 2009) . Interestingly, KLF4 expression increases postnatally in RGCs, specifically during the period around birth, which is when RGCs lose their intrinsic axon growth ability (Moore et al., 2009) . These data support a model whereby the increase in KLF4 expression around birth, long after all RGCs have become post-mitotic, leads to a loss of regenerative ability of RGCs (Moore et al., 2009) .
Box 1 Some of the intracellular signaling molecules with roles in CNS regeneration.
cAMP. Endogenous cAMP levels influence the developmental loss of regenerative capacity in retinal ganglion cells (Cai et al., 2001) . CREB. Downstream of cAMP, the activated transcription factor CREB is essential for spinal neurons to overcome the inhibitory injury environment (Gao et al., 2004) . Bcl-2. The proto-oncogene bcl-2 enhances retinal axon regeneration in certain assays (Chen et al., 1997) . Cdh1-APC. These and other cell cycle regulators also negatively influence axon growth in cerebellar granule neurons (Konishi et al., 2004) . PTEN. Deletion of this negative regulator of the mammalian mTOR pathway significantly promotes axon regeneration in retinal ganglion cells in vivo (Park et al., 2008) . KLFs. Krüppel-like factors regulate, positively and negatively, axon growth of CNS neurons in vitro and in vivo (Moore et al., 2009) .
The KLF family of transcription factors and their effects on neurite growth
The enhanced regeneration seen by knocking out KLF4 was modest, raising the question of whether other KLF family members are also involved in regulating axon growth. KLF4 is one of 17 members of the KLF family of transcription factors (Fig. 1 ). Each family member contains 3 highly homologous Cys 2 /His 2 -type zinc fingers in their C termini with highly conserved DNA binding residues between them. KLFs bind DNA at CACCC/GC/GT boxes, which are highly represented throughout regulatory regions in the genome. They are often grouped with the Sp (specificity protein) family, though the KLF family is distinguished by the absence of the Sp family's Buttonhead (BTD) box and Sp box (Suske et al., 2005) . Little is known about the expression or function of the 17 KLFs in the mammalian nervous system.
We found that 15 of 17 KLF family members are expressed in RGCs (Moore et al., 2009) , and a similar number are expressed in cortical neurons. We then asked if all KLF family members affect neurite outgrowth. We found that overexpression of KLF family members in cortical neurons resulted in differential effects on neurite growth which correlated with their structural subfamily groupings (Moore et al., 2009) . Is the expression of all KLF family members developmentally regulated, and can this be correlated with their effect on neurite growth? The expression of many KLF family members was developmentally regulated, with direct correlation to the developmental loss of axon growth ability in RGCs: KLF6 and -7 enhanced growth when overexpressed but their expression decreased postnatally, and others including KLF4 and -9 suppressed neurite growth when overexpressed and increased in expression postnatally (Moore et al., 2009) . Thus, the developmental regulation of at least several KLFs renders them additional candidates in the developmental loss of intrinsic axon growth ability. These studies looked only at levels of mRNA in the cell, however, and did not take into account protein levels. Further studies must be done to determine if these KLFs are regulated at the protein level, as well as the mRNA level.
These findings were the first description of KLFs' ability to regulate axon growth and regeneration. In addition, many KLFs' function as a growth suppressive transcription factor is unique in the field of transcription factor modulation of neurite outgrowth, where most transcription factors (such as STAT3) act as growth enhancers. How KLFs limit regeneration and growth in neurons is not yet known. As KLF4 and other growth-suppressive family members can activate or repress gene transcription in other cell types, their function may be to turn off genes that promote neurite growth, and/or turn on genes that suppress neurite growth. Thus, during development, KLFs may play an integral role in slowing down axon growth as the axon nears or reaches its target, perhaps freezing the neuron in a morphologically stable state once the gross circuitry is established.
KLF family members in the nervous system
What else is known about KLF family members generally and in the nervous system? It is worth noting that all the KLF family members have highly conserved zinc-finger DNA binding domains, particularly in the region predicted to interact with DNA (nearly 100%) (Kaczynski et al., 2003) . Therefore, all family members are presumed to be capable of binding the same downstream targets and differential effects seen by their overexpression in neurons may be due to structural and thus functional differences outside this region. However, functional differences in vivo may not only reflect structural differences outside the DNA-binding domain, but also differences in expression profiles. While the majority of research on KLF family members has been performed in other systems, some characterization has been performed in neurons and the nervous system as a whole. Here we briefly review some of the published data on KLF functions throughout the nervous system, focusing on neurons and organizing our discussion by subfamily groupings.
KLFs 1, 2, and 4. "AIN" subfamily (AIN = Acidic and Inhibitory N-terminal domain) This subfamily is characterized by shared acidic activation and inhibitory domains in the KLF amino termini, a conserved nuclear localization signal sequence, as well as the common KLF Cys 2 His 2 zincfinger DNA-binding domain in their carboxy-termini. These N-terminal domains permit interaction with co-factor complexes to regulate downstream gene expression, epigenetic modifications and diverse functional phenotypes. Some known interacting binding partners include p300/CBP, SWI/SNF and mSin3A (Kaczynski et al., 2003) , although none of these has been identified to interact with KLFs in the CNS. In cancer biology, where these interactions have been well studied, they often lead to complex functional outcomes that are heavily dependent on the cellular context. For example, in breast cancer tumor cells, KLF4 appears to promote cell growth while acting as a tumor suppressor in B-cell non-Hodgkin's lymphoma (Guan et al., 2010) . This raises the possibility that protein-protein interactions unique to cellular context may be mediating stable epigenetic modifications that result in different functional outcomes in different cell types. Interestingly, we find that all 3 subfamily members have a similar suppressive effect on neurite outgrowth in CNS regeneration, raising the possibility, given their common structural motifs, that they may all be acting through a common effector binding partner in neurons. If this proves to be accurate, it may be possible to efficiently disrupt all three subfamily members' suppression of axon growth simultaneously by targeting the common binding partner, and thus promote an even more robust effect on neurite outgrowth. Much more is known about KLF4 than other members of this subfamily. We thus focus a more detailed discussion of this subfamily member and its known role in the nervous system below.
KLF4
What is known about KLF4?. Outside of the nervous system, KLF4 has been most widely studied in stem cell reprogramming (Zhao and Daley, 2008) , differentiation (Dai and Segre, 2004; Ghaleb et al., 2005) , growth arrest Shields et al., 1996; Yoon et al., 2003) , and cancer progression (Black et al., 2001; Rowland and Peeper, 2006; Safe and Abdelrahim, 2005) . It was first identified to inhibit proliferation (Shields et al., 1996) , and as such is often mutated or de-regulated in tumors (McConnell et al., 2007) . KLF4 recruits both co-activator and corepressor complexes, with known protein-protein interactions with p300/CBP (CREB-binding protein) (Evans et al., 2007; Geiman et al., 2000) , and histone deacetylase 3 (HDAC3) (Evans et al., 2007) , and CtBP1 (C-terminal-binding protein 1) (Liu et al., 2009 ), leading to powerful epigenetic consequences on target gene promoter occupancy.
KLF4 function in neurons had been reported only once previously, when it was shown to be upregulated by NMDA or AMPA treatment in cortical neuron cultures (Zhu et al., 2009 ). Overexpression of KLF4 in these neurons concurrent with NMDA treatment led to an increased activation of caspase-3, which was dependent on extracellular and intracellular calcium levels. Importantly, overexpression of KLF4 alone did not increase caspase-3 levels in these neurons. Therefore, KLF4 overexpression in cortical slices led to increased caspase-3 activation after NMDA insult. We have found that KLF4 overexpression or knockout had no effect on survival in any of the neuronal types tested (Moore et al., 2009 ). In addition, after optic nerve injury in vivo, KLF4 knockout had no effect on RGC survival (Moore et al., 2009 ). Thus, it is possible that KLF4 may affect survival in cultures in combination with other stressors, however, it does not appear to affect survival in primary neurons in vitro or in RGCs in vivo either during development or after injury. Thus, its seemingly confined effects on neurite outgrowth make it an intriguing candidate as a potential developmental switch conferring limited intrinsic growth capacity in adult neurons.
What are the downstream mediators of KLF4's effects on neurite growth and regeneration? Although little is known about KLF4's targets in neurons, a number of KLF4 targets identified outside of the nervous system may be good candidates for mediating KLF4's effect on axon growth, such as p53, urokinase plasminogen activator receptor (u-PAR), ornithine decarboxylase (ODC), three different laminin chains, activating transcription factor 3 (ATF3), small proline rich protein 1a (SPRR1a), and matrix metalloproteinases (MMPs). For example, p53 expression is required for neurite growth and regeneration (Di Giovanni et al., 2006; Tedeschi et al., 2009 ). u-PAR is the receptor for the plasminogen activator system which cleaves extracellular matrix molecules. Mice lacking any portion of this system show delayed regeneration in the peripheral nervous system following sciatic nerve crush (Siconolfi and Seeds, 2001) . Upregulation of Arginase I (Arg I), which catalyzes arginine to ornithine, has been suggested to be the downstream modulator of elevated cAMP and CREB activation which allows for a decreased inhibition to myelin (Cai et al., 2002; Gao et al., 2004) . ODC converts ornithine (the product of Arg I) to putrescine, which is subsequently catalyzed into the polyamines spermidine and spermine, found to promote regeneration of neurons in vitro and after optic nerve injury in vivo (Chu et al., 1995; Deng et al., 2009 ). The laminin gamma-1 chain is one of the laminin chains regulated by KLF4 (Higaki et al., 2002) . Removal of the gamma-1 chain in a mossy fiber CNS injury model resulted in decreased axon growth as well as an inability of regenerating fibers to cross the lesion site (Grimpe et al., 2002) , whereas application of a portion of the laminin gamma-1 chain to a rat model of spinal cord injury resulted in enhanced regeneration of CNS axons (Wiksten et al., 2004) . Laminins in general strongly promote RGC axon growth as well (Goldberg et al., 2002a (Goldberg et al., , 2002b . Finally, in studies in which KLF4 was knocked out in cornea, multiple genes relevant to regeneration were found to be upregulated, such as ATF3 (Swamynathan et al., 2008) , a growth-enhancing transcription factor expressed in regenerating neurons (Campbell et al., 2005; Mason et al., 2003; Pearson et al., 2003; Seijffers et al., 2007) . SPRR1a is upregulated after KLF4 knockout (Swamynathan et al., 2008) , and also during peripheral nerve regeneration (Bonilla et al., 2002) . In addition, multiple MMPs have been shown to be upregulated after KLF4 knockout in the cornea (Young et al., 2009) , and these enzymes can enhance regeneration in multiple systems through degradation of inhibitory proteins (Ahmed et al., 2005) . Interestingly, other previously identified gene targets, such as p21 WAF1/Cip1 (p21), which has been implicated in neurite outgrowth through inhibition of Rho kinase (ROCK) (Tanaka et al., 2002) , can also be regulated by other KLFs. For example, both KLF4 and KLF6 can induce p21 expression, yet overexpression of KLF6 in neurons enhances growth while KLF4 suppresses growth (Moore et al., 2009 ). Therefore, while there are similar targets between some family members, correlating growth phenotype with known gene regulation may further narrow down the list of downstream targets that may be mediating the effect of that particular KLF.
It is presently unknown whether KLF4 regulates the expression of these genes in neurons, or whether these or other target genes mediate the effect of KLF4 on CNS axon growth. To more fully understand the mechanism by which KLF4 exerts its influence on neurite growth, additional experiments to identify KLF4 gene targets in neurons will have to be completed.
KLFs 6 and 7. "AHN" subfamily (AHN = Acidic and Hydrophobic N-terminal domain)
Shared acidic activation and hydrophobic S-rich domains in their amino termini, a conserved nuclear localization signal sequence, and the KLF zinc-finger binding domain characterize this subfamily. Although both are known to play roles as tumor suppressors in various cancers, including prostate carcinoma, colorectal tumors, glioblastoma, hepatocellular and lung-derived cancers, precisely how they exert their effect is less clear. No binding partners have been identified in the CNS or other systems, although regulation of many genes involved in survival and synaptogenesis in the nervous system has been observed. Some evidence (described below) indicates functional redundancy in positive enhancing effects seen in zebrafish models of axon regeneration between the two. This is consistent with our findings in RGCs, again suggesting the possibility of a structurefunction relationship in this subfamily as seen in others. Below is a brief summary of both KLFs in the nervous system.
KLF6 and KLF7
The growth enhancers KLF6 and -7 were both found to be highly expressed in the developing nervous system, consistent with our findings in RGCs (Moore et al., 2009 ). In particular, KLF7 is highly expressed in both the peripheral nervous system (PNS) and CNS throughout development (Laub et al., 2001a; Lei et al., 2001) . KLF6 is expressed in the developing nervous system (Laub et al., 2001b) , and in the adult is present in neurons, endothelial cells and neuronal progenitors in the forebrain (Jeong et al., 2009 ). KLF6's continued presence in adult neurons again suggests that this growth enhancer, though present, may no longer be able to enhance growth in the presence of increased growth suppressors.
KLF6 and -7 have been studied previously for their effects on axon growth in zebrafish retinal explants, where KLF7 was found, together with KLF6, to be necessary for axonal outgrowth. Interestingly, KLF6 and -7 were able to compensate for each other in their ability to affect axon growth (Veldman et al., 2007) , suggesting a possible redundancy in the genes that they regulate. Similarly, we have found that concurrent overexpression of KLF6 and -7 in cortical neurons was not synergistic, further supporting a redundant role in their function (Moore et al., 2009) . A more comprehensive study on KLF7's functions in the nervous system revealed that KLF7 knockout results in deficits in axon growth and pathfinding in the olfactory system, retina, and brain (Laub et al., 2006 (Laub et al., , 2005 , again supporting a role for KLF7 in enhancing axon growth. Interestingly, KLF7 has been shown to positively regulate p21, p27, L1, GAP-43, TrkA, TrkB, and genes important for synaptogenesis and cytoskeleton dynamics in neurons (Kajimura et al., 2007; Kingsbury and Krueger, 2007; Laub et al., 2001a Laub et al., , 2005 Lei et al., 2006) . KLF7's ability to upregulate the Trk neurotrophin receptors may also play an important role in RGC survival after optic nerve injury. RGCs experience a loss of trophic responsiveness after injury, which may be due to the decreased expression of Trk receptors (Duan et al., 2009; Goldberg et al., 2002a; Meyer-Franke et al., 1998; Shen et al., 1999) . Thus, therapeu-tically, overexpression of KLF7 may not only serve to enhance neurite growth, but also may increase trophic responsiveness in neurons, leading to increased neuroprotection after injury. In summary, these studies support our hypotheses that KLF6 and -7 act as growthenhancers in neurons, and suggest possible downstream mechanisms for their effect.
KLFs 9, 13, 14, and 16. BTEB-like subfamily A consensus Sin-interacting domain (SID) region and NLS set apart exemplify this subfamily. This unique domain mediates their interaction with the known scaffold protein mSin3A as shown in various systems (excluding the nervous system). Other known binding partners include p300/CBP and PCAF. Although the SID functions mainly to recruit the mSin3A co-repressor complex, it also overlaps with the rest of the amino-terminal region which can function as an activation domain in the right context. Thus, activating or repressive functional outcomes may be observed. Our findings again showed all members of this subfamily exerting a suppressive effect on axon growth in neurons, again suggesting a structurefunction relationship. Here we review known roles of members of this subfamily that have been studied in the nervous system.
KLF9
KLF9 has also been studied in the nervous system and in neurite growth. It is a thyroid hormone (T3)-regulated transcription factor, with its expression in the brain developmentally regulated such that its expression is barely detectable from embryonic ages through P0, increases dramatically through one month, and then maintains this higher expression into adulthood (Denver et al., 1999; Martel et al., 2002; Morita et al., 2003) , reflecting the pattern of plasma thyroid hormone levels. This pattern of expression is also consistent with KLF9's developmentally increased mRNA levels in RGCs (Moore et al., 2009 ). KLF9's expression is not only positively regulated by binding of T3 receptor-retinoid X receptor heterodimers to the T3 response element (T3RE) in the 5′ flanking region of the KLF9 gene (Denver and Williamson, 2009 ), but also by corticosterone (Bonett et al., 2009) , and electrical activity (Lin et al., 2008; Scobie et al., 2009 ). KLF9 itself can repress transcription through recruitment of the co-repressor Sin3A (Imataka et al., 1992; Zhang et al., 2001) . These findings make KLF9 an interesting candidate for a role in the loss of axon growth ability, due not only to its dramatic developmental regulation, but also to its ability to be modulated by electrical activity. As activity enhances trophic responsiveness and axon growth (Goldberg et al., 2002a) , it will be interesting to explore the role of KLF9 in these processes.
Previous studies on the role of KLF9 in neurite outgrowth are opposite to our results. For example, in cell lines, overexpression of KLF9 led to an increase in the number of cells extending neurites as well as increasing the number and length of the neurites (Denver et al., 1999) . However, this finding was obtained in a neuroblastoma (Neuro2a) cell line whose responsiveness to T3-regulated genes (such as KLF9) varies by the tumor subtype. Thus, its physiological relevance to primary neurons remains unknown. In agreement, additional studies in embryonic cortical neurons reported that knockdown of KLF9 decreased neurite branching to non-T3 treated levels, without affecting elongation. A similar effect was seen in the small subpopulation of small acetylcholinesterase (AChE) expressing cells, which are a target population for T3 . Thus, previously reported data suggest that KLF9 functions to increase neurite growth, branching, and elongation. In contrast, we have found that in embryonic and postnatal RGCs, and young postnatal cortical neurons, all supplemented with T3, KLF9 overexpression dramatically decreased neurite growth, suggesting possible differences for this transcription factor in different cell and neuronal types (Moore et al., 2009) .
Despite multiple reports of effects of KLF9 on neurite growth, KLF9 knockout mice do not have defects in axon targeting and dendrite length (Scobie et al., 2009) , although Purkinje cell dendrites may be slightly under-developed in the cerebellum (Morita et al., 2003) . KLF9 knockout mice do display deficits in dentate granule (DG) neuron maturation, such that there is an increase in immature DG neurons in the hippocampus of developing knockout animals as defined by early and late maturation markers, spine maturation and electrophysiological properties (Scobie et al., 2009) . This increase in the numbers of immature DG neurons is unrelated to proliferation and cell fate specification, suggesting that the early phase processes in neurogenesis in the KLF9 knockout hippocampus are normal. As newly born neurons are less able to functionally integrate into the adult hippocampus, there is reduced neurogenesisdependent synaptic plasticity (Scobie et al., 2009) . Behaviorally, KLF9 knockout mice have deficits in rotorod and contextual fear-conditioning tests (Morita et al., 2003; Scobie et al., 2009 ). Thus KLF9 is required for newly born DG neurons late-phase integration into the hippocampal circuitry (Scobie et al., 2009 ), but may have redundant factors that can compensate for its role in neurite growth.
Taken together, it appears that KLF9 may function differently between various neuronal types, and it is possible that it may act together with other KLFs in a redundant fashion to maintain its specific regulation of downstream targets.
KLF16
KLF16, a member of the basic transcription element binding protein (BTEB) subgroup of KLFs together with KLF9, -13, and -14, is expressed in the brain in embryos and adult animals (D'Souza et al., 2002; Hwang et al., 2001) . It can bind to Sp1 sites in the promoters of at least 3 dopamine receptors to regulate their transcription, competing with Sp1 and Sp3 for binding site occupancy. KLF16 can either activate or repress transcription depending on the cell type studied (Hwang et al., 2001) , suggesting that the endogenous population of other proteins available directly affects its function.
KLFs 3, 8 and 12. PVALS/T subfamily
A PVALS/T N-terminal consensus sequence exemplifies this subfamily. The PVALS/T motif is known to interact with corepressors of the C-terminal binding protein (CtBP) family and leads to transcriptional repression (Kaczynski et al., 2003) . A putative nuclear localization sequence has been proposed immediately upstream of the zinc fingers for this group (van Vliet et al., 2000) , however, lacking a consensus NLS sequence, it remains unclear precisely how it is trafficked into the nucleus. No KLFs from this subfamily affected neurite outgrowth in our experiments. Only KLF12 has been studied in the CNS, where it is expressed at its highest levels in the brain shortly after birth (Imhof et al., 1999) .
KLFs 10 and 11. SID-R2/3 subfamily Similar to the BTEB-like subfamily, these KLFs share an SID motif (although not as far upstream of the N-terminus) along with the TGF-β inducible repressor domains R2 and R3. Neither subfamily member affected neurite outgrowth in RGCs (Moore et al., 2009 ) nor have they been well studied in the nervous system. KLF11 exhibits post-translational modifications during epithelial cell malignancy (Ellenrieder, 2008 ) that prevent it from recruiting known binding partners (see below). Since it shares the same SID domain with the BTEB-like subfamily, this finding may prove instructive for identifying and characterizing potential binding partners in neurons for the BTEBlike subfamily.
Other KLFs
KLFs 5, 15, and 17 have not been formally classified into any subfamily as they lack any consensus motifs that might justify such grouping (outside the zinc-finger binding domain). Only KLF15 was found to suppress neurite outgrowth in our experiments although KLF5 has also been studied elsewhere in the CNS (discussed below). KLF17 is known to be a negative regulator of epithelial-mesenchymal transition and metastasis in breast cancer (Gumireddy et al., 2009) but has not been studied in the CNS and thus, will be excluded from discussion.
KLF15
KLF15, a KLF which was not assigned a specific subfamily, is expressed in various parts of the brain and retina. In the retina, KLF15 is present in neurons of the inner nuclear layer and some neurons of the ganglion cell layer (Otteson et al., 2004) . Our studies suggest that its expression is developmentally upregulated in purified RGCs (D.L. Moore, unpublished observations), further supporting a role for KLF15 as a growth suppressor in neurons. Interestingly, KLF15 can repress the rhodopsin promoter, although deletion of its N terminus results in a switch to a transcriptional activator (Otteson et al., 2004) . Its function in neurons has not been described previously.
KLF5
KLF5, which also does not belong to a specific KLF subfamily, has been studied in the human prefrontal cortex where it is expressed, as well as in the granular and pyramidal cells of the hippocampus. Interestingly, KLF5 is downregulated in the prefrontal cortex in schizophrenia patients, and a polymorphism of KLF5 is associated with schizophrenia (Yanagi et al., 2008) . Some targets of KLF5 identified in non-neuronal systems may prove to be good candidates for its effects on neurite growth in neurons. For example, KLF5 activates transcription of integrin-linked kinase (ILK), as well as the ILK targets Cdc42 and myosin light chain in keratinocytes (Yang et al., 2008) . The signaling pathways and post-translational modifications of KLF5 have been well-characterized in other systems, and its function is highly regulated by these post-translational modifications (reviewed by Dong and Chen, 2009 ), which may prove to be important to its function in neurite growth. Its expression pattern in RGCs is similar to that of KLF4, with a peak around the time of birth (D.L. Moore, unpublished observations). Whether it functions similarly or redundantly to KLF4 is unknown, but in embryonic stem cells, KLF5 has been shown to bind to the same sites as KLF4 when KLF4 is removed, compensating for its absence (Jiang et al., 2008) . Despite these similarities and its comparable phenotype on neurite growth, in proliferating cells KLF4 and -5 can have opposite effects on proliferation (Ghaleb et al., 2005) . These studies further suggest a need for analysis of KLF function within the specific cell type of interest.
Brief summary of KLF subfamilies
Taken together, these data suggest that the KLFs' role in neuronal development may not be limited to effects on neurite growth. Less than half of the KLFs have had some previous characterization in the nervous system, leaving much to be revealed about their function, regulation, interactions, and downstream targets in neurons, and specifically relate to neurite growth. It appears that some structurefunction relationship exists between the subfamilies and their effects on neurite outgrowth in neurons but this must be further explored and the players involved must be identified. A brief summary is shown in Table 1 .
KLF family members function as a "network"
As neurons express multiple KLFs, how do they interact to affect neurite growth? Eight growth suppressors are expressed during RGCs' development, while only two growth enhancers are expressed (Moore et al., 2009) . Knocking out a single growth suppressor, KLF4, increases axon growth and regeneration, suggesting that the sum of KLFs' activity in postnatal neurons is suppressive. It is not known whether specific KLFs dominate in function over others, however. In overexpression experiments using combinations of growth suppressive (KLF4 and -9) and growth enhancing (KLF6 and -7) KLFs, we found that the suppressors dominated: KLF6 and -7 could never enhance growth in the presence of KLF4 or -9, and KLF4 could suppress neurite growth even when KLF6 or -7 were co-overexpressed (Moore et al., 2009 ). It is not yet known whether these factors are competing for similar binding sites or physically interacting with each other to inhibit function. These data imply that in the adult nervous system, the presence of many growth-suppressive KLFs is dominant, and suggest that to increase growth or regeneration, multiple suppressive KLFs may need to be removed.
Our discovery that multiple KLFs are expressed in RGCs suggests that this family acts as a "network", as has been shown in other systems (Black et al., 2001; Eaton et al., 2008; Turner and Crossley, 1999) . KLFs can function and interact differently in distinct cell types depending on the expression of other KLFs or other co-factors, or on differences in post-translational modifications of the transcription factors themselves. These features may explain how the KLF family of transcription factors creates a cell type-specific and perhaps developmental period-specific "code," resulting in specific neurite growth and other phenotypes.
Cell-type specific functions
The effects of KLFs differ depending on the cells in which they are studied. Outside of the nervous system, KLF4 can arrest the cell cycle through upregulation of p21 and inhibition of cyclins, resulting in a loss of proliferative capacity (reviewed in Black et al., 2001) . Similarly, it has been studied thoroughly in its role in differentiation of the skin cells of the epidermis (Segre et al., 1999) . Recently, however, KLF4 has also been shown to be important in the induction of pluripotency in somatic cells (Takahashi and Yamanaka, 2006; Zhao and Daley, 2008) . This role in maintaining a proliferative, undifferentiated state seems to be in direct opposition to KLF4's role in arresting the cell cycle, inhibiting proliferation and promoting differentiation, suggesting that KLF function may be cell-specific.
The specific expression profile of different modulating co-factors in different neurons likely affects the function of these transcription factors. For example, KLF1 knockout mice display a reduced level of KLF3 in erythroid cells, whereas there is no effect of KLF1 knockout on KLF3 expression levels in the brain, demonstrating a differential regulation between tissue types (Crossley et al., 1996) . Thus, there is a need to study each KLF in the specific neuron of interest to understand its function. In addition, such data suggest that research on single KLFs may not fully reveal their role in a specific phenotype, unless one also examines contributions of other KLFs in that specific cell and phenotype.
Relative expression and competition
KLF family members can compete for binding sites and regulation of the same target genes (Bieker, 2001; Black et al., 2001) . KLF4 and KLF5, two highly related KLF family members, have opposing effects on shared target genes, such as on the transgelin gene (Adam et al., 2000) , or on the expression of KLF4 itself . In in vivo studies with KLF1, -3 and -8, the relative expression of the KLFs determines which KLF will out-compete the others at the binding site for specific genes. For example, KLF8's two promoters contain multiple binding sites for KLFs. KLF1 can activate, and KLF3 can repress expression of KLF8. In vivo, KLF3 occupies both of the KLF8 promoters, repressing KLF8 expression, with little to no binding of KLF1 on these sites. In a KLF3 knockout animal, however, KLF1 binds these sites and activates the KLF8 promoter (Eaton et al., 2008) . While the physiological function of KLF8 remains unknown, KLF3 is known to be widely expressed in erythroid tissues. Induction of KLF8 expression in cell lines is also known to promote proliferation, motility and invasiveness while suppressing KLF4 (a known tumor suppressor). This dynamic between KLFs 1, 3, 4, and 8 appears to be part of an elegant system primed for cell cycle control and any perturbation of this balance can dramatically alter the phenotype seen. All of this suggests that context is extremely critical to interpreting the differential effects of members of the KLF family.
KLF family members can also bind to different sites on a promoter to compete for functional transcriptional outcome. For example, KLF9 List of KLFs known to be expressed in primary neurons, and summary of subfamily structure and functional domains and known binding partners. Data compiled from multiple sources (Kaczynski et al., 2003; Moore et al., 2009 ) and the National Center for Biotechnology Information (NCBI) database.
and -12 can both bind to a basic transcription element (BTE) site in the cis-regulated promoter elements of activating enhancer-binding protein 2 alpha (AP-2α) in separate locations. KLF9 activates and KLF12 represses AP-2α expression. Both bind overlapping nucleotides in an upstream regulatory sequence (position −336) of the promoter termed "A32" in a mutually exclusive manner. Hence, the relative amount of either KLF can tilt the balance in favor toward activation or repression. Indeed, after co-expression of KLF9 and -12 in equal amounts, the net expression of AP-2α transcription is unchanged (Imhof et al., 1999) . Thus, all of these studies demonstrate that relative amounts of different KLFs present at a given time elicit differential regulation of target genes. This may be very important in studying the developmental loss of axon growth ability in neurons, as the balance of expression of different family members may shift at many specific developmental time periods.
Compensation and redundancy
Upon removal of one KLF, other KLFs can bind to the same site and compensate for the loss of the first. For example, in embryonic stem cells, depletion of KLF2, -4 or -5 either singly or in pairs did not lead to differentiation; only with depletion of all three KLFs together did the stem cells finally differentiate (Jiang et al., 2008) . Detailed chromatin immunoprecipitation (ChIP) analyses revealed that these three KLFs had many shared genome targets and upon depletion of one factor, the others were able to bind to that target, compensating for the loss of the removed KLF (Jiang et al., 2008) .
Redundancy has also been shown in retinal explants from zebrafish, where KLF6a and KLF7a were identified as candidates for regeneration as they were upregulated after injury. Knockdown of either KLF6a or KLF7a singly had no effect on axon growth; however, concurrent knockdown of both factors resulted in a decrease in axon growth (Veldman et al., 2007) . Similarly, in erythroid cells, double knockouts for both KLF1 and KLF2 yielded animals that died earlier, showed a greater reduction in embryonic Ey-and βh1-globin gene expression, and manifested cells with more morphological abnormalities when compared to single KLF1-or KLF2-single-knockout animals (Basu et al., 2007) . Thus, members of the KLF family can compensate for the loss of one or more KLFs. Whether such redundancy limits the regenerative ability of KLF4-knockout RGCs (Moore et al., 2009) remains to be studied.
Post-translational modifications affect KLF function
As has been shown with many other transcription factors, posttranslational modifications of KLFs can affect transcriptional outcome. For example, sumoylation or acetylation of KLF5 in response to specific environmental stimuli can result in a complete switch of its function, likely due to changes in the recruitment of certain corepressors or co-activators. These modifications can also affect the half-life of KLF5 protein (reviewed in Dong and Chen, 2009) . Similarly, while KLF1 is required for β-globin expression, it is also expressed in erythroid cell lines that do not yet express β-globin. Post-translational phosphorylation of KLF1 allows it to bind and activate the β-globin promoter, revealing a functional requirement for post-translational modification in gene regulation (Bieker et al., 1998) . Another downstream effect of post-translational modification involves regulation by co-factor recruitment. These interactions are well described in the case of KLF11 which has been shown to interact with the scaffold protein mSin3a, recruit histone deacetylases and produce lasting epigenetic changes that mediate repression of many downstream genes (Ellenrieder, 2008) . Phosphorylation of KLF11 (by oncogenic Ras-ERK-MAPK pathways) at a specific residue in its Nterminal domain abolishes this interaction and promotes oncogenic growth. Given that KLFs seem to cluster into subfamilies based on common structural and functional features in their N-terminal domain (Fig. 1) , these interactions may prove critical in explaining the redundant roles of KLF subfamilies in neurons. Indeed, targeting these interactions may prove useful in maximally enhancing neurite outgrowth by potentially suppressing all repressors and enhancing all enhancers simultaneously.
These examples emphasize the importance of the expression levels of not only the transcription factors themselves, but also of those proteins that modify these transcription factors in a specific cell type and at a specific stage of development. It is not yet known whether specific stimuli or cell-cell interactions lead to changes in KLF post-translational modifications in RGCs or other neurons.
Taken together, all of these studies suggest that the KLF family of transcription factors can function in unique ways that require an understanding of the simultaneous functions of the whole family as opposed to single factors. Thus, further analysis of KLF overexpression in neurons should consider the endogenous expression of (1) all KLFs in these neurons at the time of overexpression, (2) enzymes that can post-translationally modify KLFs, and (3) co-factors that interact with the KLFs to activate or repress transcription. KLF compensation or redundancy may also play an important role in axon regeneration of CNS neurons. Removing multiple axon growth suppressors that are acting redundantly may increase axon regeneration after injury above that seen with KLF4 knockout alone (Moore et al., 2009 ).
Other transcription factors in neurite growth and regeneration
A small number of other transcription factors have been studied for their ability to affect axon growth and regeneration (reviewed in Zhou and Snider, 2006) , suggesting that transcriptional regulation may be a fundamental mechanism for the loss of axon regenerative ability in neurons. The transcription factors p53, c-Jun, ATF3, CREB, STAT3, NFATs, NFκB, Sox11, and SnoN all affect neurite growth and axon regeneration in varied ways. Interestingly, many of these have been studied in proliferating cells, and can be involved in the cell cycle, suggesting that many cell cycle proteins may have important roles in post-mitotic cells.
In general, the expression of the majority of these transcription factors is developmentally regulated in neurons, such that they are highly present early in development, when CNS axons are able to regenerate, and decrease soon after birth through adulthood, when CNS axons lose axonal regenerative ability. The expression or activation of many of these factors increases after injury in regenerating neurons, but is absent in non-regenerating neurons. Interestingly, the majority of these other transcription factors enhance neurite growth, in contrast to our recent identification of multiple neurite growth-suppressing members of the KLF transcription factor family. Our studies suggest that in the presence of both growth-suppressors and growth-enhancers, the suppressors dominate the phenotypic outcome (Moore et al., 2009) . Therefore, modulating only the levels of transcription factors which enhance axon growth may not be sufficient for functional regeneration without simultaneous repression or removal of growth-suppressing transcription factors.
Future directions
How KLFs function in neurons is still unclear. Very little is known about the downstream targets of these factors in neurons, and as discussed above, this list of targets may be different in different cell types. Thus, one first step to better understand how these transcription factors affect neurite growth is to identify their downstream gene targets in CNS neurons. Revealing similar targets between growthsuppressors and separately between growth-enhancers may identify mechanisms of neurite growth regulation. Additionally, studying how these KLFs regulate and interact with each other in neurons will greatly contribute not only to the greater field of KLF function, but also to understanding their neuron-specific effects. Further characterization and analysis of the relevant co-factors and their regulation also may be necessary for understanding the mechanisms behind KLF effects. As many of these KLFs can recruit chromatin remodeling machinery, it will be important to determine the actual state of the chromatin at these different developmental ages, as KLFs may function to create more stable changes in gene expression. Finally, it will be interesting to more fully test the hypothesis that growthsuppressive KLFs are dominant over growth-enhancing KLFs.
Conclusions
The KLF family of transcription factors may limit the intrinsic axon growth capacity of RGCs and other CNS neurons. While much is known about the KLFs in proliferating cells, very little is known about the KLF family in neurons. As other studies suggest that their function may be cell-type specific, there is a need for specific knowledge about their function in neurons, and perhaps even in specific neuronal types. In other systems, KLFs have been shown to function in a "network," such that the individual KLF contribution is only a part of the large interaction between family members which contributes to the phenotypic outcome. Any alteration in one KLF's contribution could affect the final outcome. Therefore, it is clear that these unique functions in the KLF family will require a new way of analyzing and studying transcription factors in neurons, moving from an individual protein's contribution to a more complete understanding of its place within the family interactions. A better understanding of the transcriptional control of axon growth may lead to new approaches to reverse the poor regenerative ability of adult mammalian CNS neurons to an embryonic growth potential, ultimately leading to therapeutic treatments for many types of CNS injuries.
